ABSTRACT
Introduction
Since the discovery of the first exoplanet orbiting a solar-type star more than a decade ago (Mayor & Queloz 1995) , the quest for signs of habitable exoplanets has started. And while many scientists intertwine habitability with the existence of liquid water on the planetary surface, another key factor for habitability is the planetary climate (Kasting et al. 1993) . Clouds are among the major factors that affect a planetary climate.
Regarding the Earth, Goloub et al. (2000) presented an extended series of studies of the Earth's climate both at an observational as well as at a modelling level, which clearly indicates the crucial and diverse roles of clouds. In particular, clouds are responsible for the modulation of both the shortwave radiation (from the sun) as well as the long-wave radiation (from the planet) budgets of the Earth (Kim & Ramanathan 2008; Ramanathan et al. 1989; Cess et al. 1992; Malek 2007; and others) . Additionally, by modulating the solar radiation clouds affect the atmospheric photolysis rates, which change the atmospheric photochemistry and chemical composition (Pour Biazar et al. 2007 ). And clouds are responsible for the storage of atmospheric volatiles, such as the organic volatiles that are indicators of the existence of bio and fossil-masses, which can damage the soil and groundwater and can react with sunlight to create tropospheric O 3 (Klouda et al. 1996) . Because of their roles in the climate, clouds on Earth have been subjected to intense study for the past five decades, both from a theoretical/modelling point of view, as well as from an observational point of view (from the ground as well as from space). The effects of clouds on the Earth's climate have been shown to depend on the sizes and shapes (i.e. thermodynamical phase) of the cloud particles, and on the optical thickness and vertical extension of a cloud.
In this paper, we present results of numerical simulations of flux and especially polarisation spectra of starlight that is reflected by cloudy exoplanets, and discuss the sensitivity of these spectra to the size of the cloud particles, the cloud optical thickness and the cloud top altitude. In general, the composition of a cloud or cloud layer in a planetary atmosphere will depend on the ambient chemical composition, and the pressure and temperature profiles (the latter themselves will of course also be influenced by the presence of clouds). It is well known that clouds have strong effects on flux spectra of planets in the Solar System and beyond. Examples of simulated flux spectra of exoplanets with water clouds can be found in Marley et al. (1999) ; Tinetti et al. (2006) ; Kaltenegger et al. (2007) . Far less work has been done regarding polarisation spectra of cloudy planets. Examples of simulated polarisation spectra of exoplanets with liquid water clouds can be found in Stam (2008) . In this paper we extend this work to different types of clouds, at various altitudes. A&A 530, A69 (2011) Terrestrial liquid water clouds are in general comprised of particles with radii ranging from ∼5 μm to ∼30 μm (Han et al. 1994) , and their optical thickness varies typically from b ∼ 1 to b ∼ 40 or more (van Deelen et al. 2008 ). There appears to be a correlation between the cloud particle sizes and the cloud optical thickness (Han et al. 1994, and references therein) , that could originate in the properties of the condensation nuclei that the cloud partices condense on, but it is not a strong one (Stephens et al. 2008) . Knowing the sizes of cloud particles is important for understanding a cloud's influence on a planetary climate, because it determines how a cloud particle scatters and absorbs incident light and thermal radiation (see e.g. Chapman et al. 2009 , and references therein). How a particle scatters the light depends in particular on the size parameter, i.e. the ratio of 2π times the particle radius to the wavelength (see Eq. (9)). We will consider size parameters ranging from less than 1 up to ∼120, covering the so-called Rayleigh regime, where the scattering particles are much smaller than the wavelength, to the geometric optics regime, where particles are large with respect to the wavelength. The cloud's optical thickness (which, when assuming spherical particles, is the product of the column number density and the extinction cross-section of the cloud particles) depends on the cloud particles' sizes, shapes, and composition, and hence also on the wavelength of the radiation. We will use cloud optical thicknesses ranging from 0.5 to 60 (at 0.55 μm) and spherical water particles.
Another cloud parameter that is not only important for the radiation field, but also for the thermo-and hydro-dynamical processes that take place in planetary atmospheres is the altitude or pressure of the top of the cloud. Cloud top altitudes and pressures are routinely determined in Earth remote-sensing and regularly in planetary observations (e.g. Wark & Mercer 1965; Weigelt et al. 2009; Peralta et al. 2007; Garay et al. 2008; Matcheva et al. 2005) . In Earth and planetary observations, knowledge of cloud top altitudes is also essential for accurate derivations of mixing ratios of atmospheric trace gases from the depths of gaseous absorption bands in planetary spectra, since clouds will change the band depths. For example, in Earth observation, cloud top altitudes are used in the retrieval of the trace gas ozone (O 3 ). These cloud top altitudes are usually derived from the depth of the socalled A absorption band of the well-mixed gas oxygen (the O 2 A band is located around 0.76 μm) (e.g. Yamamoto & Wark 1961 and Fischer & Grassl 1991) . Note that in case an absorbing gas is not well-mixed and its vertical distribution is not known, its absorption bands cannot be used to provide absolute cloud tops.
Clouds on Earth are found at a wide range of altitudes. Most clouds are located in the troposphere, the lowest portion of the atmosphere, where the temperature generally decreases with altitude. On average, the top of the troposphere decreases with increasing latitude, and with that the maximum cloud top altitude, from about 20 km in the tropics, to about 10 km in the polar regions. The tops of the highest clouds will usually contain ice particles. The thin, whisphy clouds commonly known as cirrus clouds, are composed entirely of water ice crystals. Since above the tropopause, the atmosphere contains relatively little water vapour, most types of clouds are confined to the troposphere. The few cloud types that can be found above the tropopause are thin ice clouds, such as polar stratospheric clouds and noctilucent clouds.
We will limit ourselves to clouds that are composed entirely of liquid water droplets, and hence limit the cloud top altitudes in our model atmospheres to about 4 km (where the temperatures are still high enough to exclude the presence of ice particles). Our main reason to exclude clouds with ice particles is that the single scattering properties of ice (crystal) particles are usually very different from those of liquid (spherical) particles (see e.g. Goloub et al. 2000) , and as a result, their presence will influence the light that is reflected by a cloud (in particular the polarised signal). Modelling and analysing this influence (which will depend on absolute and relative ice particle number densities, ice particle sizes and shapes, and orientation) will be the subject of further research.
In this paper, we present not only numerically simulated flux spectra, but especially polarisation spectra. Polarimetry, i.e. measuring the direction and degree of polarisation of light, is considered to be a powerful tool for the direct detection of exoplanets (Keller 2006; Keller et al. 2010; Stam et al. 2004 ). The reason for this is that, when integrated over the stellar disk, starlight of solar type stars will be virtually unpolarised (Kemp et al. 1987) , while starlight that has been reflected by an exoplanet will generally be polarised, due to scattering and reflection processes in the planetary atmosphere and on the surface (if present). Polarimetry can thus enhance the contrast between a planet and its star by a factor of ∼10 4 −∼10 5 (Keller et al. 2010) , and thus facilitate the direct detection of an exoplanet. Another advantage of polarimetry for exoplanet detection is that it enables the direct confirmation of a detection, since the degree and direction of polarisation of a detected object will exclude it being a background star.
The real strength of polarimetry for exoplanet research is, however, that it cannot only be used for the direct detection of exoplanets, but also for the characterisation of the physical properties of these planets. The reason is that the state of polarisation of starlight that is reflected by a planet is very sensitive to the composition and structure of the planetary atmosphere and surface (if present) (see Hansen & Travis 1974; Hovenier et al. 2004; Mishchenko et al. 2010 , and references therein). An early example of this application of polarimetry is the derivation of the composition and size distribution of the droplets forming the upper Venusian clouds as well as the cloud top altitudes from Earth-based, disk-integrated Venus observations by Hansen & Hovenier (1974) .
The application of polarisation for the detection and characterisation of exoplanets has been shown for gaseous exoplanets by e.g. Seager et al. (2000) ; Saar & Seager (2003) ; Stam (2003) ; Stam et al. (2004) and for terrestrial planets by Stam (2008) . Note that in the first two papers, planets are considered that are too close to their star to be spatially resolved. The observable degree of polarisation for these systems is thus the ratio of the polarised flux of the planet to the total flux of the star (plus that of the planet), and consequently, very small. In the latter three papers, the planet is assumed to be spatially resolvable from its star. In that case, the observable degree of polarisation is thus the degree of polarisation of the planet itself (apart from a contribution of unpolarized background starlight), which can be several tens of percents. In this paper, we will consider spatially resolvable planets. Our results can straightforwardly be applied to spatially unresolvable planets by scaling them with the stellar flux.
The simulations we present in this paper are useful for the design, development, and optimisation of instruments for the direct detection of exoplanets. Since the presence of water-clouds is not restricted to terrestrial planets, these can be instruments for the detection of gaseous planets and/or terrestrial planets, and both for ground-and space-based telescopes. An example of such an instrument is SPHERE (Spectro-Polarimetric Highcontrast Exoplanet Research), a second generation planetfinder instrument for the European Southern Observatory's (ESO) Very Large Telescope (VLT). For SPHERE, first light is expected in 2012. SPHERE has broadband polarimetric capabilities in the I-band (0.6−0.9 μm). EPICS (ExoPlanets Imaging Camera and Spectrograph) has been proposed as the planetfinder instrument for ESO's Extremely Large Telescope (ELT), and will also have a polarimeter to detect and characterise exoplanets. EPICS is still in its design and optimisation phase, and first light is expected not earlier than 2020. An example of a space telescope concept for exoplanet research that would be ideally suited to observe both the flux and the state of polarisation of starlight that is reflected by exoplanets is the New Worlds Observer (NWO) that has been and will be proposed to NASA (Oakley & Cash 2009; Cash & New Worlds Study Team 2010 ). An example of a space-telescope with polarimetric capabilities for exoplanet research that has been proposed to the European Space Agency in response to its Cosmic Vision 2015−2020 call for a medium sized mission (M3), is Spectro-Polarimetric Imaging and Characterization of Exo-planetary Systems, or SPICES. This paper is organised as follows. In Sect. 2, we give a general description of light, including polarisation, and present the radiative transfer algorithm we use for our numerical simulations of starlight that is reflected by planets. In Sect. 3, we describe our model atmospheres and in Sect. 4 the flux and degree of polarisation of light that has been singly scattered by the model cloud particles. In Sects. 5.1 and 5.2, we show the results of our numerical simulations of the flux and degree of polarisation of reflected starlight for different cloud particle microphysical properties, and in Sect. 5.3, for different cloud top pressures. Finally, in Sects. 6 and 7 we summarise and discuss our results and future work.
Description of starlight that is reflected by an exoplanet
Light that has been reflected by an exoplanet can be fully described by a flux vector πF, as follows:
where parameter πF is the total reflected flux, parameters πQ and πU describe the linearly polarised flux and parameter πV the circularly polarised flux (see e.g. Hansen & Travis 1974; Hovenier et al. 2004; Stam 2008) . All four parameters are wavelength dependent and their dimensions are W m −2 m −1 . Parameters πQ and πU are defined with respect to the so-called planetary scattering plane, i.e. the plane through the centers of the planet, the host star and the observer (see Stam 2008) .
The degree of polarisation P is defined as the ratio of the polarised flux to the total flux, as follows:
In case a planet is mirror-symmetric with respect to the planetary scattering plane, and for unpolarised incoming stellar light, the disk integrated fluxes πU and πV of the reflected light will equal zero due to symmetry (see Hovenier 1970) and we can use the following, alternative, definition of the degree of polarisation that includes the direction of polarisation
For P s > 0 (i.e. Q < 0), the light is polarised perpendicular to the reference plane, while for P s < 0 (i.e. Q > 0) the light is polarised parallel to the reference plane. The flux vector πF of stellar light that has been reflected by a spherical planet with radius r at a distance d from the observer (d r) is given by (Stam et al. 2006 )
Here, λ is the wavelength of the light and α the planetary phase angle, i.e. the angle between the star and the observer as seen from the center of the planet. Furthermore, S is the 4×4 planetary scattering matrix (Stam et al. 2006 ) and πF 0 is the flux vector of the incident stellar light. For a solar type star, the stellar flux can be considered to be unpolarised when integrated over the stellar disk (Kemp et al. 1987) . Further assuming that the stellar light is unidirectional, we can thus describe πF 0 as (see Eq. (1))
with πF 0 the flux of the stellar light that is incident on the planet measured perpendicular to the direction of incidence, and 1 the unit column vector. For unpolarised incident stellar light (see Eq. (5)) and for a planet that is mirror-symmetric with respect to the planetary scattering plane, the degree of polarisation P s (Eq. (3)) of the light that is reflected by the planet depends on only two elements of the scattering matrix, as follows
(for a derivation see Stam 2008) . Since the degree of polarisation is a relative measure, it has no dependence on planetary and stellar radii, distances, nor on the incident stellar flux. In this paper, we present numerically simulated flux and polarisation spectra of planets that are completely covered by water clouds as functions of the planetary phase angle α. Even though such a model is probably not very realistic, in this first study we will use it in order to limit the number of parameters we need to study in our models, and to get some first idea on the important features we need to investigate in planetary signals. We assume that the ratio of the planetary radius r and the distance to the observer d is equal to one, and that the incident stellar flux πF 0 is equal to 1 W m −2 m −1 . The hence normalised flux πF n that is reflected by a planet is thus given by
(see Stam 2008) , and corresponds to the planet's geometric albedo A G if α = 0 • (A G is defined as the ratio of the total flux πF that is reflected by the planet at α = 0
• , to the flux πF L that is reflected by a Lambertian surface subtending the same solid angle on the sky). Our normalised fluxes πF n can straightforwardly be scaled for any given planetary system using Eq. (4) and inserting the appropriate values for r, d and πF 0 . As mentioned above, the degree of polarisation P s is independent of r, d and πF 0 , and will thus not require any scaling.
To calculate the planetary scattering matrix elements a 1 and b 1 of the reflected stellar light, we employ the algorithm described in Stam et al. (2004) , which consists of an efficient and accurate adding-doubling algorithm (de Haan et al. 1987) in combination with a fast, numerical, disk integration algorithm, to calculate the radiative transfer in the locally plane-parallel planetary atmosphere, and to integrate the reflected light across the illuminated and visible part of the planetary disk. 
Our model atmospheres
The model planetary atmospheres we use in our numerical simulations are composed of stacks of horizontally homogeneous and locally plane-parallel layers, which contain gas molecules and, optionally, cloud particles. We create vertically inhomogeneous atmospheres simply by stacking different, homogeneous layers. Each atmosphere is bounded below by a flat, homogeneous surface. We base our atmospheric temperature and pressure profiles on representative ones of the Earth's atmosphere (McClatchey et al. 1972) . Here, we use only four atmospheric layers (see Table 1 for the pressures and temperatures at the tops of these layers) and a black planetary surface. The molecular or Rayleigh scattering optical thickness, of each atmospheric layer and its spectral variation is calculated as described in Stam (2008) assuming an atmospheric gas composition of the model atmospheres that is similar to that of the Earth. For our simulations of the flux and polarisation spectra, we focus on the continuum, and we ignore absorption by atmospheric gases (such as O 2 , H 2 O and O 3 ). Even though we use pressure and temperature profiles and a gas composition that are typical for an Earth-like planet, most of our results are also applicable to other planets, e.g. gas giants with high altitude water clouds. We will use a clear model atmosphere, i.e. without clouds, and cloudy model atmospheres. In the latter, one of the atmospheric layers contains cloud particles in addition to the gas molecules. To study the dependence of the flux and degree of polarisation of the starlight that is reflected by the model planet on the altitude of the top of the cloud layer, we will use the following three cases: a low cloud layer, with its top at an ambient pressure of 0.802 bar (corresponding to an altitude of 2 km on Earth), a middle cloud layer, with its top at 0.710 bar (3 km on Earth), and a high cloud layer, with its top at 0.628 bar (4 km on Earth). Unless stated otherwise the geometrical thickness of the cloud layer is 1 km.
Optical thicknesses of clouds on Earth show a huge variation on daily and monthly timescales and from place to place. In particular, the optical thickness in completely cloudy cases can reach values up to 40 (van Deelen et al. 2008) or more. The optical thickness b of our cloud layers is chosen to range between 0.5 and 60 (at λ = 0.55 μm). Our standard cloud layer has an optical thickness of 10 (at λ = 0.55 μm), which appears to be an average value. The spectral variation of the cloud layer's optical thickness depends on the microphysical properties of the cloud particles, such as their composition, shape and size (see below).
Our model cloud layers are composed of liquid, spherical water particles. Water cloud observations on Earth show a large variation in droplet sizes that is attributed to, amongst others, a variation in the number density and composition of cloud condensation nuclei (Han et al. 1994; Martin et al. 1994; Segal & Khain 2006) . In particular, typical cloud particle radii range from about 5 μm to 15 μm, with a global mean value of about 8.5 μm above continental areas, and 11.8 μm above maritime areas (8)) for model A particles (r eff = 2.0 μm, v eff = 0.1; red, dashed line) and model B particles (r eff = 6.0 μm, v eff = 0.4; black, solid line). Each size distribution has been normalised such that the integral over all sizes equals 1. (Han et al. 1994 ). On the lower limit, sizes down to 2 μm have been reported from satellite measurements (Minnis et al. 1992 ), and on the upper limit, sizes up to 25 μm (Goloub et al. 2000) .
We describe the sizes of our cloud particles by a standard size distribution (Hansen & Travis 1974) , as follows
where C is a normalisation constant, n(r)dr is the number of particles with radii between r and r+dr per unit volume, and r eff and v eff are the effective radius and variance, respectively (see Hansen & Travis 1974) . The units of r eff are [μm] , while v eff is dimensionless. The scattering properties of particles often depend strongly on the ratio of the radius of the particles to the wavelength of the light. This so-called effective size parameter, x eff , that will be used later in this paper, is defined as
(see Hansen & Travis 1974) . For x eff 1, the scattering is usually referred to as Rayleigh scattering, and for x eff 1, we get into the regime where light scattering can be described with geometrical optics.
Our cloud layers are composed of either small model A particles with r eff = 2.0 μm and v eff = 0.1 (Stam 2008 ), or larger model B particles with r eff = 6.0 μm and v eff = 0.4. The latter are similar to those used by van Diedenhoven et al. (2007) , who consider this to represent an average terrestrial water cloud. Figure 1 shows the size distributions of the particles of the two standard models used further in this paper (A and B particles). To study the influence of a size distribution's effective variance v eff on the reflected light, we will also use model A 2 particles with r eff = 2.0 μm and v eff = 0.4, and model B 2 particles with r eff = 6.0 μm and v eff = 0.1 (see Table 2 ).
The real part of the refractive index of water in the wavelength region of our interest is slightly wavelength dependent. It varies from 1.344 at λ = 0.4 μm, to 1.320 at 1.0 μm (Daimon & Masumura 2007; van Diedenhoven et al. 2007 ). The imaginary part of the refractive index is small but varies strongly (Pope & Fry 1997) , from about 10 −8 at 0.3 μm, to about 10 −5 at 1.0 μm, 6.0 0.1 with a minimum of 8×10 −10 at 0.5 μm. We use a constant refractive index that is equal to 1.335 ± 0.00001i. We checked that our results are virtually insensitive to the assumption of a constant value of the refractive index.
Given the wavelength, refractive index, effective radius r eff and variance v eff , we calculate the cloud particles' extinction cross-section, single scattering albedo, and the expansion coefficients of the single scattering matrix in generalised spherical functions (see Hovenier et al. 2004 ) using Mie theory (van de Hulst 1957; de Rooij & van der Stap 1984) . With the hence obtained extinction cross-sections, we calculate the cloud layer's optical thickness at wavelengths other than 0.55 μm. Figure 2 shows the spectral variation of the absorption and scattering optical thicknesses of four cloud layers, each with a total optical thickness of 2.0 at λ = 0.55 μm, that are composed of the model A, A 2 , B and B 2 particles, respectively. As can be seen in the figure, the effective variance v eff plays only a minor role in determining the cloud's scattering and absorption optical thicknesses.
Single scattering properties of water cloud particles
The degree of polarisation of the starlight that is reflected by a planet is very sensitive to the single scattering properties of the atmospheric particles (see e.g. Hansen & Travis 1974) . The reason for this is that due to the generally low degree of polarisation of multiple-scattered light, the main angular features observed in a polarised planetary signal will be due to single scattered light. The contribution of the multiple scattered light to the signal is mostly to decrease the overall degree of polarisation, not to change the shape or angular distribution of the features. Thus, in order to understand the features observed in starlight that is reflected by a planet, as presented in Sect. 5, knowledge of the single scattered light is essential. In this section, we therefore present and discuss the flux and degree of polarisation of incident unpolarized light P s that is singly scattered by our model liquid water cloud particles as functions of the single scattering angle Θ and the wavelength λ. The flux as a function of Θ is usually referred to as the (flux) phase function, and we will refer to P s as a function of Θ as the polarised phase function. Figure 3 shows the flux and P s of the four model cloud particles A, B, A 2 and B 2 (see Table 2 for their sizes) as functions of the scattering angle Θ at λ = 0.55 μm. For comparison, we have also added the phase function of the gas molecules (Rayleigh scattering) using an Earth-like depolarization factor, i.e. 0.028 (Bates 1984) . The flux phase functions are normalised such that their average over all scattering directions equals unity; they thus do not include the particles' single scattering albedo.
As can be seen in Fig. 3 , P s of light that is singly scattered by the gas molecules and by the model cloud particles equals zero at Θ = 0
• (forward scattering) and 180
• (backward scattering). The reason for this is that the incoming light is unpolarised and that at these scattering angles, the scattering process is symmetric with respect to the incoming and the scattered light. The phase function and P s of Rayleigh scattered light is smooth and symmetric around Θ = 90
• . The maximum value of P s of this light is 0.94 (i.e. 94%).
The flux phase functions of all four types of cloud particles have a strong peak in the forward scattering direction due to light that is diffracted by the particles and the so-called glory in the backscattering direction (cf. Hansen & Travis 1974) . The polarisation phase functions of the cloud particles have several interesting features. In particular, for each particle type, P s changes sign (thus direction), several times between Θ = 0
• and 180
• . For Θ 50
• , the angular features of P s appear to be insensitive to the particle size, while for larger scattering angles, the features depend clearly on r eff and v eff .
Between Θ = 135
• and 150
• , the phase functions of all four types of cloud particles show a local maximum that is usually referred to as the (primary) rainbow, which is formed by light that has been reflected once inside the particles (see van de Hulst 1957; Hansen & Travis 1974) . These rainbows are clear indicators of the spherical shape of the scattering particles, and their angular position depends strongly on the composition (refractive index) of the scattering particles (see Hansen & Travis 1974) and slightly on r eff of the particles (see below). While especially for the small cloud particles (models A and A 2 ), the primary rainbow is hardly visible in the flux phase function (see Fig. 3 ), in P s it is the strongest and most prominent angular feature for each of the four cloud particle types. Note that the rainbows that are seen in the Earth's sky during showers are not formed in cloud particles, but in raindrops. On Earth, raindrops have radii on the order of millimeters, corresponding to x eff 1000 at visible wavelengths. For r eff = 2 μm (particles A and A 2 ), the rainbow is located at Θ ≈ 148
• . For r eff = 6 μm (particles B and B 2 ), the rainbow is more pronounced and shifted to slightly smaller scattering angles, i.e. to Θ ≈ 143
• . The strength of the primary rainbow in P s depends on r eff and on v eff ; the smaller r eff , the smaller the maximum value of P s in the primary rainbow, and the smaller v eff , the larger this maximum value. In particular, for r eff = 2.0 μm and v eff = 0.1 (model A), P s of the primary rainbow is 0.58 (58%), while for r eff = 2.0 μm and v eff = 0.4 (A 2 ), it is 0.50. For r eff = 6.0 μm and v eff = 0.1 (B), P s of the primary rainbow is 0.80, and for r eff = 6.0 μm and v eff = 0.4 (B 2 ), P s = 0.69. The scattering angle of the primary rainbow (Θ where P s is maximum) depends mostly on r eff : at λ = 0.55 μm, the angle is 150
• for r eff = 2.0 μm (A and A 2 ) and 143
• for r eff = 6.0 μm (B and B 2 ).
For the large particles, a secondary peak in the flux phase function is visible around Θ ≈ 120
• . This peak is the secondary rainbow, which is formed by light that has been reflected twice inside the particles. While in the phase function this rainbow is hardly visible, and only for the largest particles, P s clearly shows the secondary rainbow for all four cloud particle types: for r eff = 6.0 μm (B and B 2 ) around Θ = 120
• , and for the smaller particles at slightly smaller angles. Noteworthy is the minor peak around 155
• in P s of the large B 2 particles; this is a supernumerary arc (see e.g. Dave 1969) . For the same particles we see a peak around Θ ∼ 100
• , which could also be a supernumerary arc. Supernumerary arcs are interference features, which explains their washing out with increasing v eff .
The effects of r eff and v eff on the singly scattered light are even more clear from Figs x eff (cf. Eq. (9)) for v eff = 0.1 (A and B 2 ) and v eff = 0.4 (A 2 and B), respectively. Similar graphs for other size distributions and refractive indices can be found in, for example, Hansen & Travis (1974) and Hansen & Hovenier (1974) . The curves shown in Fig. 3 correspond to horizontal cuts in Figs. 4 and 5, at x eff = 23 (r eff = 2 μm and λ = 0.55 μm; particles A and A 2 ) and x eff = 69 (r eff = 6 μm and λ = 0.55 μm; particles B and B 2 ), respectively. Comparing the graphs of the flux phase functions in Figs. 4 and 5, it is clear that the phase function depends mostly on x eff , thus on the ratio 2πr eff /λ, and that it is not very sensitive to v eff , which mostly determines the smoothness of the phase function, i.e. the larger v eff , the more subdued the angular variation in the phase function (for a given r eff ) (see Hansen & Travis 1974) . Additionally, we see that P s appears to be somewhat more sensitive to v eff than the flux phase function, but the overall appearance of P s is the same for the two values of v eff . In particular, for Θ < 20
• , both figures show a peninsula with small values of P s . As can also be seen in Hansen & Travis (1974) and Hansen & Hovenier (1974) the shape of this peninsula is sensitive to v eff for small values of x eff .
In both Figs. 4 and 5, the primary rainbow (just below Θ = 150
• ) is only a slight crest in the flux phase functions, but by far the strongest feature in the polarisation phase functions. The strength of the polarised primary rainbow increases with increasing x eff . In other words, for particles with a given r eff , the strength of the rainbow increases towards the blue, and/or at a given wavelength, the strength of the rainbow increases with increasing r eff . Interesting to note is that for small values of x eff (i.e. ≤60), the primary rainbow shifts to larger values of Θ with decreasing x eff , i.e. for a given effective particle radius r eff , the rainbow shifts to larger values of Θ towards the red. Consequently, when observed with polarimetry, the rainbow in visible light that is scattered by small water cloud particles should be inverted in colour, compared to the rainbow of light that is scattered by water raindrops (this can not be observed in the flux since the rainbow is virtually unobservable in the flux of light scattered by small cloud particles).
This colour inversion is shown more clearly in Fig. 6 , where the scattering angle of the primary rainbow in P s is plotted as a function of λ for the model A and B 2 particles. For the smallest particles, the rainbow angle increases from 147
• at λ = 0.3 μm, to 157
• at λ = 1.0 μm. From these and other numerical simulations (not shown) it appears that dΘ/dλ decreases with increasing r eff until r eff ≈ 20 μm. Indeed, for particles with x eff ∼ 100 whitish rainbows (so-called fogbows), are observed in flux (Adam 2002) . For much larger particles, such as rain drops, dΘ/dλ becomes negative and decreases further with increasing r eff . We checked that the behavior of dΘ/dλ that we calculated is not affected by our choice of using a wavelength independent refractive index, nor by our choice of the particle size distribution.
Our single scattering results suggest that in particular observing the dispersion of the primary rainbow in polarisation would be a useful tool in the retrieval of cloud particle shapes and sizes in exoplanetary atmospheres. To evaluate the usefulness of this tool, numerical simulations of multiple scattered light are required. Results of such simulations are presented and discussed in Sect. 5.
Light that is reflected by planets
In the previous section we have presented the single scattering phase functions of our model cloud particles. Here, we present the normalised flux πF n and the degree of polarisation P s of (single and multiple scattered) starlight that is reflected by a planet as a whole, thus integrated over the illuminated and visible part of the planetary disk. We show the dependence of πF n and P s on A69, page 7 of 14 the cloud optical thickness in Sect. 5.1, on the size of the cloud particles in Sect. 5.2, and on the cloud top pressure in Sect. 5.3. We show πF n and P n as functions of the planetary phase angle α, which equals 180
• − Θ, with Θ the single scattering angle. Figure 7 shows πF n and P s of light reflected by cloudy planets as functions of the phase angle α. At α = 0 • , the planet's illuminated side is fully visible, and at α = 180
The effects of the cloud optical thickness
• , we see the planet's night side. The cloud layer on each planet is composed of model A particles (see Table 2 ), and the cloud top pressure is 0.628 bar (on Earth this would correspond to a cloud top altitude of 4 km, see Table 1 ). At 0.55 μm, the molecular scattering optical thickness of the whole model atmosphere is 0.098, and that of the gaseous atmosphere above the cloud 0.06. In the figure, the cloud optical thickness varies from 0 (i.e. no cloud at all) to 60 (at λ = 0.55 μm). Note that a cloud optical thickness of 60 appears to be very large for a 1 km thick cloud. We have included this large value in our simulations for the purpose of comparison.
As can be seen in Fig. 7 , the quasi-monochromatic geometric albedo A G the cloudfree planet is as small as 0.063, which is due to the black surface and the small atmospheric (molecular) scattering optical thickness. The normalised flux πF n decreases smoothly with α. The degree of polarisation P s of the cloudfree planet is zero at α = 0
• (due to symmetry) and 180
• (due to first order scattering, see Hovenier & Stam 2007 ) (cf. Fig. 3) . In between these phase angles, P s varies smoothly with α, and is positive except for α 168
• . These negative values, which indicate that the light is polarised parallel instead of perpendicular to the reference plane (as it is at the smaller phase angles), are due to second order scattered light. The maximum degree of polarisation of the cloudfree planet is 0.87 (87%) and occurs at α = 90
• . Figure 7 also shows that πF n generally increases with increasing cloud optical thickness, and converges rapidly for b 40. With such large optical thicknesses, the cloud layer appears to be semi-infinite, making πF n insensitive to further increases of b. The sensitivity of πF n to b decreases with increasing phase angle, and in particular for α > 150
• , πF n hardly changes with b, since in this limb viewing geometry most of the reflected starlight has been scattered in the layers above the cloud layer or by the highest cloud particles and did not penetrate deep into the layer.
The normalised flux πF n shows a few angular features. At α ∼ 30
• (Θ ∼ 150 • ), the primary rainbow (cf. Fig. 3 ) is slightly visible, and the local maximum in πF n at α ∼ 8
• can be traced back to the cloud particles' single scattering feature at Θ ≈ 170 Fig. 3 .
The degree of polarisation P s of the cloudy planets is a mixture of the degree of polarisation of light that is scattered by the atmospheric gases and of light that is scattered by the cloud particles (and includes, of course, light that has been scattered by both). In particular, for an atmosphere with a cloud with a total optical thickness b of only 0.5 (at λ = 0.55 μm), the maximum P s still clearly shows the angular features of a Rayleigh scattering atmosphere, with a maximum of 0.46 around α ≈ 78
• . At most phase angles, |P s | decreases with increasing value of b due to the increasing contribution of light with a low degree of polarisation that has been multiple scattered within the cloud layer. The degree of polarisation converges rapidly for b 20. It does not necessarily converge to zero, because even for the thickest cloud, P s is determined by the degree of polarisation of light that has been singly scattered within the upper parts of the cloud and the nearly unpolarised flux from the deeper parts, which converges for large values of b.
Indeed, even for optically thick clouds, P s of the planet shows the traces of the degree of polarisation of the singly scattered light. For example, the negative values of P s of the cloudy planets around α ≈ 10
• can be traced back to the single scattering feature of the cloud particles at Θ ≈ 170
• (see Fig. 3 ). The maximum in P s around α ≈ 30
• is the primary rainbow. Increasing b decreases P s of this rainbow because multiple scattering increases the unpolarised total flux: for b = 0.5, P s = 0.24 (24%), while for b = 20, P s = 0.06 (6%). The detection of the primary rainbow in starlight that is reflected by an exoplanet would indicate that the cloud particles are made of liquid water (this was also pointed out by e.g. Hansen & Travis 1974; Liou & Takano 2002 , except for individual clouds not for whole planets), and if the phase angle of the rainbow could be determined accurately, it would hold information on the particle sizes. For cloudy exoplanets (with a disk integrated signal), this rainbow was also discussed by Bailey (2007) shows up in the numerical simulations (that do include multiple scattering) by Stam (2008) . The latter uses only the smallest of our cloud particle sizes (i.e. with r eff = 2 μm) and a relatively thick cloud layer (b = 10 at λ = 0.55 μm), which results in a rather subdued rainbow (P s = 0.10 at λ = 0.44 μm). The secondary rainbow that was seen in Fig. 3 , does not show up in Fig. 7 , because for small cloud optical thicknesses b, it vanishes in the contribution of the Rayleigh scattered light, while for large values of b, it is suppressed by nearly unpolarised, multiple scattered light.
The normalised flux and degree of polarisation of the reflected starlight depend not only on phase angle α, but also on wavelength λ. In Fig. 8 we show πF n and P s of light that is reflected by a cloudfree (b = 0) planet as functions of α and λ. The atmospheric molecular scattering optical thickness ranges from 1.1 at λ = 0.3 μm to 0.009 at λ = 1.0 μm. Clearly, πF n is largest at the smallest values of λ and α, where the atmospheric optical thickness is largest and where most of the illuminated hemisphere of the planet is visible, and decreases smoothly with increasing λ and α. The degree of polarisation P s shows the strong maximum around α = 90
• that is due to Rayleigh scattering. The general increase of P s with λ is due to the decrease of the atmospheric optical thickness, and hence the multiple scattering which usually decreases P s , with λ. The decrease of the atmospheric optical thickness also explains why the phase angle region where P s is negative narrows with increasing λ: the smaller the optical thickness, the longer the path through the atmosphere, and hence the larger the phase angle required to have enough second order scattered light to change the sign of P s . Figure 9 is similar to Fig. 8 except for an atmosphere that contains a cloud layer composed of model A particles, with b = 10.0 (at λ = 0.55 μm), and with its top at 0.628 bar. The cloud layer strongly increases πF n , except at large values of α, where the observed light has not penetrated deep enough into the atmosphere to encounter the cloud. The features seen at α ≈ 10
• were also seen in Fig. 7 , and trace back to the single scattering features at Θ ≈ 170
• in Fig. 3 . Like in Fig. 7 , the primary rainbow is hardly visible in the fluxes shown in Fig. 9 .
Adding a cloud layer to the model atmosphere strongly decreases P s , especially at longer wavelengths, as can be seen from comparing Figs. 9 and 8. At the shortest wavelengths, the Rayleigh scattering maximum of P s (around α = 90
• ) is still visible, because there, the molecular scattering optical thickness above the cloud layer is still significant. With increasing λ, this optical thickness decreases, and the contribution of light that is reflected by the cloud layer increases. In particular, the ridge in P s near α = 35
• at 0.5 μm and extending towards α = 25
• at 1.0 μm, is the primary rainbow. The strength of this rainbow decreases with increasing λ, from about 0.15 (15%) at λ = 0.3 μm to about 0.07 (7%) at λ = 1.0 μm.
The branch of negative values of P s in Fig. 9 that appears from λ = 0.4 to 0.85 μm for α 20
• , corresponds to the branch A69, page 9 of 14 of negative values of P s for light that has been single scattered by the model A cloud particles for 150
• < Θ < 180
• (see Fig. 4 ). The negative values of P s in Fig. 9 that appear for λ > 0.7 μm and for intermediate phase angles are related to the band of negative values of the single scattering P s for Θ < 90
• (see Fig. 4 ).
The effects of the cloud particle sizes
To study the effects of the cloud particle sizes on πF n and P s of the reflected starlight, we replace the model A particles in our cloud layer with model B particles, while keeping the cloud top pressure at 0.628 bar and its optical thickness b equal to 10 (at λ = 0.55 μm). The resulting πF n and P s are shown in Fig. 10 . For comparison, Fig. 11 shows a cross-section of Figs. 9 and 10 at a phase angle of 90 • , and includes lines for clouds composed of model A 2 particles.
Comparing Figs. 10 and 9, we can see that the introduction of the larger cloud particles in our model atmosphere leaves clear traces in the reflected πF n and P s . Figure 11 shows, for α = 90
• , that the effect of the cloud particle variance on πF n and P s is negligibly small. Indeed, the particle effective radius appears to be the parameter that influences the reflected signals most.
In Figs. 10 and 9, normalised flux πF n is significantly lower with the larger particles except for the largest values of λ and α.
The lower values of πF n are explained by the smaller single scattering albedo of the model B cloud particles (see Fig. 2 ). Indeed, • to show the spectral effects of the particle size on the reflected normalised flux and degree of polarisation: model A particles (black, solid line; Fig. 9) , and model B particles (red, dot-dashed line; Fig. 10 ). Also included: model A 2 particles (blue, triple-dot-dashed line).
while the albedo of the model A particles equals ∼1 across the wavelength range under consideration, the albedo of the model B particles varies from 0.84 at 0.3 μm, to 0.90 at 0.55 μm, and 0.94 at 1.0 μm. The differences between the reflected normalised fluxes at the largest phase angles are relatively small, because there, most of the reflected starlight has been scattered in the layers above the cloud.
With the model B cloud particles, πF n of the light that is reflected by the planet shows a somewhat stronger primary rainbow than with the smaller model A particles (Fig. 9 ). This is explained by the difference in strength of the primary rainbow in the single scattering phase functions of both particle types (Fig. 3) .
With the model B cloud particles (Fig. 10) , P s shows stronger angular features than with the smaller model A particles (Fig. 9) . In particular, the maximum around α = 90
• is higher, which is due to the lower single scattering albedo of the model B particles: because more light is absorbed within the cloud layer, there is less multiple scattering, and less (little polarised) light is scattered upward by the cloud layer. With increasing λ, the maximum in P s shifts towards smaller phase angles, because there the Rayleigh scattering feature blends with the strong features in the single scattering P s of the model B particles that can be seen for Θ > 100
• in Figs. 3 and 5.
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Furthermore, as expected from the single scattering polarisation phase function (Fig. 3) , and as in the case of πF n , the primary rainbow is a much more prominent feature in P s of the reflected starlight with the model B particles, than with the model A particles. In particular, at λ = 0.55 μm, with the model A particles, P s in the rainbow is about 0.12, while with the model B particles, P s in the rainbow reaches a value as high as 0.26. The latter value is comparable to the case in which the atmosphere contains a cloud layer of model A particles with an optical thickness of only b = 0.5 (see Fig. 7 ). In observations, the two cases should be separable because with the model B particles, the primary rainbow peak is the global maximum across the entire α regime, while in the case of the thinner cloud made out of model A particles, it is just a local maximum, since P s in the Rayleigh scattering peak is as large as 0.44.
The effects of the cloud top pressure
To study the effects of the cloud top pressure on πF n and P s , we use a cloud composed of model A particles, with b = 10 (at λ = 0.55 μm), and place it with its top at three different pressures p top in the model atmosphere. The geometrical thickness of each cloud is 1 km. We use a low cloud, with p top = 0.802 bar (corresponding to 2 km on Earth), a middle cloud, with p top = 0.710 bar (3 km on Earth), and a high cloud, with p top = 0.628 bar (4 km on Earth). The corresponding cloud top temperatures on Earth are 285, 279, and 273 K, respectively (see Table 1 ). These cloud top pressures are chosen to correspond with terrestrial liquid water clouds. Figure 12 shows πF n and P s as functions of λ, at α = 90
• , for the three values of p top . At wavelengths shorter than about 0.6 μm, πF n increases with increasing p top , because of the increasing amount of gaseous molecules, and hence molecular scattering optical thickness, above of the cloud layer. With increasing wavelength, the sensitivity of πF n to p top vanishes, because of the decreasing molecular scattering optical thickness above the cloud layer. The increase of πF n with increasing λ that occurs for all three values of p top is due to the corresponding increase of the scattering optical thickness of the cloud layer and the decrease of its absorption optical thickness (see Fig. 2 ).
As can be seen in Fig. 12 , P s increases with increasing p top at almost all wavelengths, because of the increasing amount of molecules, which scatter light with a relatively high degree of polarisation, above the cloud layer. In Fig. 12 , the largest increase in P s is 0.044 at λ = 0.44 μm when p top increases from 0.628 bar to 0.802 bar. The change of P s with p top vanishes at the shortest and longest wavelengths. When λ 0.32 μm, P s actually decreases slightly with increasing p top , because here the increasing amount of molecules leads to an increase of multiple scattered, little polarised light. At the longest wavelengths, the molecular scattering optical thickness of the atmosphere above the cloud layer is too small for each of the three values of p top to significantly influence P s .
The dependence of πF n and P s on p top varies not only with λ, but also with α. In Fig. 9 , we presented πF n and P s as functions of α and λ for a cloud layer with p top = 0.628 bar. To get a better view of the change of πF n and P s with p top , Fig. 13 shows πF n (p top = 0.802) − πF n (p top = 0.628) and P s (p top = 0.802) − P s (p top = 0.628) as functions of α and λ. As can be seen in Fig. 13 , πF n increases with increasing p top , except for α 110
• and λ 0.32 μm. The changes of πF n with p top from 0.802 to 0.628 bar are very small: at maximum ∼3.3% for λ = 0.3 μm and α ∼ 10
• . In particular at the phase angles around 90
• , where an exoplanet will be easiest to observe directly because it will be relatively far from its star, the sensitivity of πF n to p top is extremely small, making the derivation of cloud top pressures in this range using flux measurements practically impossible. Regarding the polarisation plot of Fig. 13 , increasing p top yields the largest increases in P s for λ 0.35 μm and α ≈ 90
• . As was also explained for Fig. 12 , P s increases with increasing p top because of the increase of the amount of molecules above the cloud layer. In particular, the largest change in P s is 0.05, at λ = 0.44 μm and α = 94
• . In Fig. 14 , finally, we present πF n and P s as functions of p top , for a cloud layer with an optical thickness of 10 (at 0.55 μm), consisting of A or B particles, for λ = 0.55 μm and α = 90
• . Not surprisingly, both πF n and P s vary smoothly with p top . The normalised flux increases with p top , for both cloud particle types. In particular, for the model A (B) particles, πF n increases from about 0.072 (0.032) at p top = 0 bar to 0.079 (0.044) at p top = 1 bar. At this wavelength, the degree of polarization P s increases with p top , as well; for the model A particles, P s increases from -0.015 at p top = 0 bar to about 0.17 at p top = 1 bar, and for the model B particles, P s increases from 0.045 at p top = 0 bar to about 0.34 at p top = 1 bar. The negative values of P s for the model A particles and p top < 0.1 bar are explained by the single scattering properties of these particles at Θ = 90
• (see Fig. 3 ).
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Summary and discussion
We have presented numerically simulated normalised flux (πF n ) and polarisation (P s ) spectra from 0.3 to 1.0 μm of exoplanets that are completely covered by liquid water clouds. We studied the effects of the cloud optical thickness, the size of the cloud particles, and the cloud top altitude on the spectra as functions of the planetary phase angle. Knowing the microphysical properties of cloud particle on a planet is important for our understanding of the cloud's influence on the planetary climate. In particular, from Earth studies we know that the cloud particle sizes strongly influence the cloud radiative forcing (see e.g. Chapman et al. 2009; Kobayashi & Adachi 2009 , and references therein), since they change the way cloud particles scatter and absorb incident sunlight and thermal radiation. Given the huge number of free parameters in systems like this, our aim was not to cover the whole parameter space, but rather to explore the information content of, in particular, the degree of polarisation of starlight that is reflected by a planet, and the spectral and phase angle ranges that would provide this information. Although we used atmospheric temperature and pressure profiles that are typical for an Earth-like planet, our results can also be used to represent liquid water clouds on gaseous planets, except that the cloud top pressures are likely to be different. The cloud's optical thickness b strongly influences the normalised flux and polarisation spectra of our model planets. In particular, up to about b = 40, an increase of b leads to an increase of πF n . For larger optical thicknesses, the cloud layer appears to be semi-infinite and the normalised flux spectra no longer change significantly. In polarisation, increasing b lowers the (polarisation) continuum, because it increases the amount of multiple scattered light, with usually a low degree of polarisation, to the total amount of reflected light. While multiple scattering subdues the angular features in the polarisation, even for the largest values of b, P s as a function of the planetary phase angle still carries the angular features that are representative for light that was singly scattered by the cloud particles in the upper layers of the cloud. In particular, the locations of maxima and so-called zero-points (where P s equals zero), are characteristic for the particle size, shape, and composition.
Changing the effective radius r eff of the size distribution of the water cloud particles changes their single scattering properties, and hence both the normalised flux and polarisation spectra of the reflected starlight. As an example, increasing r eff from 2 μm to 6 μm (keeping v eff constant), increases P s by ∼0.20 in the blue for a cloud with b = 10, a cloud top pressure of 0.628 bar and at α = 90
• (Fig. 11) . The effective variance v eff has an almost negligible effect on the normalised flux and polarisation spectra, and can thus not be derived from such observations. A69, page 12 of 14 Because P s preserves the angular features of the singly scattered light, the detection of the primary rainbow in P s at planetary phase angles around 30
• , would be a clear indicator of the presence of liquid water clouds. This rainbow is present across a wide range of particle sizes, but is only detectable in P s , not in πF n (rainbows seen 'in scattered flux' on the Earth originate in rain droplets, which are much larger than cloud droplets). Interestingly, our simulations show that for small water cloud droplets (1 μm r eff 10 μm), the dispersion of the polarised "cloud" rainbows is opposite to that found for "rain" rainbows: at λ = 0.56 μm, the maximum of the polarised rainbow is located at α ∼ 32
• (corresponding to a single scattering angle Θ of 148
• ), while for λ = 1.0 μm, the largest P s is found at α ∼ 24
. For "rain" rainbows, Θ decreases with increasing λ. Our simulations show that the dispersion for the "cloud" rainbows decreases with increasing particle size. Indeed, in case our model cloud consists of the larger model B particles, the maximum polarised rainbow is found at α ∼ 38
• (Θ = 142 • ) for λ = 0.56 μm and at α ∼ 36
• (Θ = 144
• ) for λ = 1.0 μm (see Fig. 10 ).
The inverse dispersion of a polarised "cloud" rainbow should be observable for terrestrial clouds, e.g. when measured looking down towards a cloud layer from an airplane. As far as we know, such observations have not been done yet.
In order to use the polarised rainbow feature for determining the composition and shape of cloud particles, an exoplanet should be observed across the appropriate phase angle range (from about 30
• to 40 • ) and with an appropriate angular resolution (about 10
• ). To also derive the cloud particle size, an angular resolution of a few degrees (2 • −5 • ) would be required across the rainbow phase angle range. We expect that if an exoplanet were found that could have liquid water clouds and that would be directly observable, a dedicated observing campaign to search for the rainbow would be conceivable.
The strength of rainbows and other angular features will depend slightly on the cloud top altitude, because the latter is related to the scattering optical thickness of the gaseous atmosphere above the clouds. Our simulations show that the lower the cloud (hence the larger the cloud top pressure), the larger the reflected πF n (in the absence of gaseous absorption). The increase of πF n with decreasing cloud top altitude decreases with increasing wavelength: above about 0.6 μm, πF n appears to be independent of the cloud top altitude. This is due to the decrease of the molecular scattering cross-section, hence the gaseous scattering optical thickness, with increasing wavelength. The sensitivity of πF n depends strongly on the planetary phase angle. In particular, around α = 90
• , the sensitivity is very small: πF n changes by at most ∼1% for a cloud top pressure increase of the order of ∼0.17 bar (on Earth, this corresponds to a cloud top altitude drop of ∼2 km). The sensitivity of πF n to the cloud top altitude seems to increase slightly with decreasing phase angle. However, with decreasing phase angle, the difficulty for measuring the normalised flux that is reflected by the planet increases because of the interfering starlight.
The degree of polarisation of the reflected starlight is most sensitive to the cloud top altitude at wavelengths between 0.4 and 0.5 μm, and around α = 90
• . Around this phase angle and wavelength range, P s shows a maximum due to Rayleigh scattered light, and increasing the cloud top pressure (lowering the cloud) leads to an increase of P s , because of the increase of light that has been singly scattered by the gas molecules above the cloud. In this regime, increasing the cloud top pressure by ∼0.18 bar, typically increases P s by 0.05 (5%). At shorter wavelengths, multiple Rayleigh scattering is significant, and increasing the cloud top pressure results in an increase of multiple scattering and hence a (small) decrease of P s . At longer wavelengths, the gaseous scattering optical thickness is too small to change P s significantly.
Future work
The simulated signals that we showed in this paper all pertain to planets with a homogeneous cloud layer, i.e. there are no variations in cloud particle composition and/or size and/or shape in the clouds. In real planetary atmospheres, we expect variations. On Earth, for example, particle sizes usually show some variation with altitude within the cloud. Such variations could influence the retrieval of cloud particle properties and should be investigated. As an example, in Fig. 15 , we show πF n and P s of starlight reflected by a model planet covered by two homogeneous cloud layers on top of each other. The lower cloud layer contains model B particles and has its top at 0.710 bar and the upper cloud layer contains model A particles and its top is located at 0.628 bar. For comparison, we also show πF n and P s for the cases in which both layers contain particles B or A, respectively. The total optical thickness of the two cloud layers is 2.0 (at λ = 0.55 μm) for each case, but the ratio of the optical thicknesses of the two layers varies. The curves in Fig. 15 clearly show that even when the upper cloud has a relatively small optical thickness, P s of the planet is mainly determined by the properties of the upper cloud particles. This is due to the fact that the angular features of P s are mostly due to singly scattered light, which originates mostly in the upper part of a cloud. Combining polarisation observations at a range of wavelengths, e.g. from the UV to the near-infrared, or even the infrared (where polarisation signatures would be due to scattered thermal radiation), would probably help probing various depths in the cloud layers, since cloud optical thicknesses depend on the wavelength.
Another interesting extension to the work presented in this paper, would be to study the influence of variations in particle shape within the clouds. In this paper, we placed the clouds at altitudes where the ambient temperatures ensure that the cloud particles are liquid, and hence, spherical in shape. With increasing cloud top altitude and decreasing ambient temperatures, clouds will contain more and more ice particles. The single scattering flux and polarisation phase functions of ice cloud particles will differ strongly from those of liquid water particles because of the non-spherical, possibly crystalline shape of the ice particles. We can thus expect that ice particles will significantly influence the polarisation spectrum of a cloudy planet. Using Earthobservation data, Goloub et al. (2000) showed that the strength of the primary rainbow polarisation peak that is characteristic for liquid water cloud particles decreases when the column number density of overlaying ice particles increases. For a full retrieval of cloud parameters, we will thus have to take into account the polarisation characteristics of ice particles. Knowledge of the phase (liquid or solid) of cloud particles gives valuable information on the ambient atmospheric temperatures, especially when combined with knowledge of cloud top altitudes. Flux and polarisation signatures of ice and mixed clouds will be the subject of further study. Furthermore, the model planets that we used in this paper have horizontally homogeneous atmospheres. We will adapt our numerical radiative transfer and disk integration code to investigate the influence of horizontally inhomogeneities of cloud layers (e.g. partial cloud coverage or Jupiter-like cloud belts and zones) on the flux and polarisation spectra, and on the retrieved cloud parameters.
